Protoplasts, protoplast extracts (intact chloroplasts plus extrachloroplastic material), and chloroplasts isolated from protoplasts of wheat (Triticum aesdvum) Many attempts have been made in the past 20 years to achieve high rates of photosynthesis with chloroplasts isolated from a variety of species including peas and spinach. The problems involved fall into three categories.
Pi added before illumination have an induction time from less than 1 minute up to 16 minutes depending on the time of the assay after isolation and the components of the medium. In order to obtain maximum rates of photosynthesis and minimum induction time, NaHCO3 and chelating agents, EDTA or PPi (+ATP), are required in the chloroplast isolation, resuspension and assay medium. With these inclusions in the isolation and resuspension medium the induction time decreased rapidly during the first 20 to 30 minutes storage of chloroplasts on ice. Requirements for isolating intact and photosynthetically functional chloroplasts from wheat protoplasts are discussed.
Many attempts have been made in the past 20 years to achieve high rates of photosynthesis with chloroplasts isolated from a variety of species including peas and spinach. The problems involved fall into three categories. First, it is necessary, but by no ' G. E., on study leave from University of Wisconsin, was supported by a Guggenheim Fellowship, University means easy, to secure actively photosyrithesizing tissue. Second, the chloroplasts must be isolated in a more or less undamaged state. Finally, they must be assayed in an environment which permits them to achieve their full photosynthetic potential.
With species such as peas and spinach active chloroplasts may be separated from the parent tissue by mechanical disruption and little or no improvement in chloroplast integrity has been achieved recently (26, 27) . Chloroplasts isolated in this fashion did not, however, originally photosynthesize as well as the parent tissue because they were assayed under suboptimal conditions. Rates in excess of 100 ,umol of CO2 fixed mg-' Chl hr-' have been recorded (4, 14, 16) and were most readily attained in the presence of PPi. This relates to the need to provide chloroplasts with Pi within a very narrow range of concentrations. Isolated chloroplasts are Piconsuming organelles as Pi is incorporated into sugar phosphates via the phosphoribulokinase reaction. Certainly in spinach the release of Pi in starch synthesis appears to be too slow to sustain maximal photosynthesis and the rate of C02-dependent 02 evolution soon declines if exogenous Pi is not supplied. In vivo, Pi recycling probably results from sucrose synthesis which is now usually regarded as a cytoplasmic event. Thus, the phosphate translocator (12) permits the exchange of internal triose-P for external Pi and, in the cell, sucrose synthesis releases Pi so that this process may continue. In vitro, if the optimal (Pi) is exceeded this exchange may also inhibit photosynthesis by depleting the photosynthetic carbon cycle of its essential intermediates. For this reason PPi is particularly beneficial in experiments with isolated spinach chloroplasts because it not only releases Pi at an appropriate rate (as a result of enzymic hydrolysis of Mg2P207) but also appears to alleviate Pi inhibition, possibly by interferring with the action of the phosphate translocator (30) . In peas, however, PPi is inhibitory except when supplied together with ADP or ATP, when it leads to rates which are higher than those observed with Pi alone (24, 25) .
Although mechanical disruption of tissue continues to be a convenient method for the isolation of chloroplasts from peas and spinach, enzymic digestion has been employed, to advantage, in other species. This study considers photosynthesis (at 20 C and saturating bicarbonate) of isolated protoplasts, protoplast extracts, and chloroplasts isolated from protoplasts of wheat. It includes a consideration of the requirements in the isolation and assay medium for high rates of photosynthesis and factors which influence the length of the induction period of photosynthesis. Preparation of Protoplast Extracts and Chloroplasts from Protoplasts. Aliquots, usually 0.4 to I ml, containing about 20 ,tg of Chl/0.1 ml, were taken from the stock of protoplasts and to this were added 5 ml of0.5 M sorbitol, I mm CaCl2. After centrifugation at 250g for 2 min the protoplast pellet was suspended in 0.4 to I ml of 0.4 M sorbitol, 50 mm HEPES-KOH (pH 7.6), 10 mM NaHCO3, and I mM EDTA unless otherwise indicated. For experiments with protoplasts, 0.1-ml aliquots were taken directly from this suspension and added to 0.5 ml of assay medium.
MATERIALS
For protoplast extracts a 1-ml plastic disposable syringe was used. The tip of the syringe was cut off leaving an opening of about 2-mm diameter over which was attached a 20-,m nylon net (22 (16, 19, 27) . However, with chloroplasts from young pea leaves it inhibits photosynthesis and this inhibition is relieved by ADP or ATP (24, 25) . Photosynthesis by wheat chloroplasts from 6-day-old plants is inhibited by 5 mm PPi and this is relieved by inclusion of0.2 mm ADP (Fig. 4) . Ifchloroplasts are added to the assay media in the light, near complete inhibition by 5 mm PPi occurs after 10 min. Preincubation of the chloroplasts in the dark with the assay medium containing 5 mm PPi for 2 or 6 min inhibited subsequent 02 evolution in the light.
Photosynthesis by chloroplasts from 9-day-old wheat leaves (plants about 130 mm tall) was also inhibited by PPi but less so than those from 6-day plants. If chloroplasts from 9-day plants were added to the assay medium in the light there was only slight inhibition by PPi during the first few min of the assay. However, inhibition by PPi increased as the chloroplasts were preincubated in the dark for 2 to 6 min with severe inhibition after 6 min of dark preincubation. Inclusion of 0.6 mm ATP with PPi overcomes the inhibition by PPi and gave rates similar to that with 0.2 mm Pi added alone. Rates with 0.6 mm ATP + 0.3 mm Pi were similar to that with 0.3 mm Pi alone (data not shown).
With chloroplasts from 6-day-old wheat (plants about 75 mm tall) the optimum concentration of Pi for photosynthesis was 0.2 mm (Fig. 5A) . With chloroplasts from 9-day-old plants the opti- mum Pi concentration was 0.5 mM, and photosynthesis was much less sensitive to inhibition at high Pi levels (1-2.5 mM) in comparison to the 6-day-old plants (Fig. 5, A and B) . Also, the chloroplasts from 9-day-old plants were less sensitive to inhibition by PPi. Again, inclusion of ADP with PPi tends to overcome the inhibition by PPi alone (Fig. 5B) . Mg2+ was not added in these experiments in order to limit the production of Pi through pyrophosphatase (25) . Under assay conditions similar to those in Figure 5B ( (Fig. 1 and data not shown) .
Protoplasts isolated from leaf segments incubated in the dark during enzymic digestion had an induction period of about 5 min (data not shown). During this study (with chloroplasts in assays including 0.2-0.3 mm Pi prior to iliumination) considerable variation in the induction time from about 2 to 10 min was observed. The influence of various components of the isolation, resuspension, and assay media on induction time and maximum rate of photosynthesis with chloroplasts (from several preparations of protoplasts) is recorded in Table I . The assay medium included 0.3 mm Pi added before illumination, and chloroplasts were added in the light. In all cases except isolations with buffer and sorbitol alone, the induction time decreased after 20-or 30-min storage of chloroplasts on ice. With certain mixtures, lags as small as 0.3 to 0.5 min were observed. With only HEPES buffer and sorbitol in the isolation and resuspension medium, induction time was 16 or 17 min (Table I , exp. V) and in some preparations no 02 was evolved even after 25 min in light (data not shown). NaHCO3, EDTA, or PPi + ATP decreased the length ofthe induction period and increased the maximum rate of photosynthesis. Ten mm EDTA was more effective than 1 or 2 mM (Table I, exp. III). PPi alone also shortened the lag (from 8.5 to 3 min in one experiment with freshly isolated chloroplasts) although PPi alone inhibited photosynthesis (not shown in Table I ). The most effective medium for decreasing induction time and maximizng rates of photosynthesis was a combination of NaHCO3 with EDTA or NaHCO3 with PPi + ATP.
Chloroplasts isolated from protoplasts in a medium including 10 mm NaHCO3 + 10 mM EDTA and stored on ice for 30 min had a short induction time of 0.3 min when added directly to the assay medium in the light (Table II) . However, preincubation of chloroplasts in the dark in the assay medium (which contained 0.3 mM Pi) lengthened the induction period though the maximum rate of photosynthesis was unchanged.
Chloroplasts isolated in media including 10 mm NaHCO3, 10 mM EDTA had high rates of 02 evolution over the pH range assayed from 7.2 to 8.4, with the highest rate at pH 7.6 (Fig. 6 cluding low levels of dihydroxyacetone-P (50400 ,lM) or fructose bis-P (0.5 mM) in the assay medium. However, rates with these organic phosphates added were only about halfthat ofchloroplasts isolated with EDTA and NaHCO3. DISCUSSION Conditions for Photosynthesis by Wheat Protoplasts, Protoplast Extracts, and Chloroplasts. Average rates of leaf photosynthesis by C3 plants under nonstressed conditions are expected to be in the order of 100 ,umol of CO2 fixed mg ' Chl hr at 20 C while C02-saturated rates may be 1.5-to 2-fold higher. It is of interest to see if protoplasts may provide a means of isolating functional chloroplasts from species which may prove difficult by mechanical procedures. Some evidence for this potential was given by Rathnam and Edwards when chloroplasts isolated from protoplasts of several C3 species had rates of photosynthesis greater than 100
,umol of mg Chl hr-f (22) . However, in that study the arbitrary Influence of pH of isolation, resuspension, and assay medium on maximum rate of photosynthesis and length of induction of photosynthesis of wheat chloroplasts. Each set of data on induction and rate of photosynthesis represents a separate isolation of chloroplasts from protoplasts. Protoplasts were isolated from 8-day-old wheat. Standard components of isolation, resuspension, and assay medium were 0.4 M sorbitol and 50 mm HEPES-KOH. Other additions to isolation, resuspension, and assay medium were: (X-x), 10 mM NaHCO3, 10 mm EDTA; (@-*): 10 mM NaHCO3; (-O0), none. Chloroplasts were assayed 10 min after isolation from protoplasts; (x---X) indicates induction time 30 min after isolating chloroplasts from protoplasts in medium including 10 mm EDTA + 10 mm NaHCO3. (19, 24, 29, 30) . The optimum concentration of Pi for photosynthesis by wheat chloroplasts of 0.2 to 0.5 mm (Fig. 5) is also in the range of that of pea and spinach chloroplasts (19, 24) (Fig. 4) . (24) . This apparently reflects a higher activity of the adenine nucleotide transporter in chloroplasts from young pea shoots. Similar differences were observed with chloroplasts isolated from wheat plants of differing ages. Oxygen evolution by chloroplasts from 6-day-old wheat plants was inhibited by PPi more rapidly and to a greater extent than with chloroplasts from 9-day-old wheat. In addition, chloroplasts isolated from the physiologically younger basal regions of wheat leaves were more sensitive to PPi than those isolated from the tip regions. These differences are consistent with the notion that chloroplasts from developing tissues have higher rates of adenine nucleotide transport than chloroplasts from mature tissues (24) .
With wheat chloroplasts, the inhibition of photosynthesis by PPi was most severe after preincubation in the dark for 2 to 6 min. This probably reflects the time taken for PPi to exchange for the chloroplast adenine nucleotides. Since dark preincubation of chloroplasts prior to illumination is a common practice, it is obvious that different times of dark preincubation in some cases will give subsequently very different rates of photosynthesis. With chloroplasts from young pea leaves, PPi + ADP (or ATP) tends to give higher rates of photosynthesis than with the optimum level of Pi alone (24, 25 (Tables  I and II) . However, preincubation of the chloroplasts in the assay medium in the dark increased the length of the induction (Table  II) (7) found it generally superior as a constituent of isolation media. As in the present work with wheat it also shortened induction when used in isolation (7) procedures. Together with Mg it serves as a 'Pi stat' in assay because of pyrophosphatase action (19, 27) .
It seems likely that both PPi and EDTA may act beneficially by chelating inhibitory cations but whether these become attached to the envelope during isolation or play some natural role in metabolite transfer remains to be determined. Divalent cations such as Mg2+ and Ca2`are relatively impermeable to impact chloroplasts (20) . PPi has been found to protect against Pi inhibition with spinach chloroplasts (19) , and PPi and citrate inhibit the phosphate transporter (17) . These compounds along with EDTA might in part reduce phosphate transport through chelation of certain divalent cations which bind to the phosphate transporter and influence its activity.
Avron and Gibbs (2) (2) noted that Mg2+ and chelating agents could be eliminated without influencing activity, however EDTA was included in the isolation and resuspension medium at a concentration equivalent to divalent cations (and at least some EDTA would be carried over from the chloroplasts resuspension medium to the assay medium).
High pH shortened the induction time with the wheat chloroplasts (Fig. 6) . A higher pH outside chloroplasts can also increase the pH in the chloroplast stroma (32) favoring activation of enzymes such as RBP-carboxylase and fructose bis-P (3, 14) .
Although the basis for the influence of bicarbonate is uncertain.
it might shorten the induction period when included in the isolation and resuspension medium by activating RBP-carboxylase as reported by Jensen et aL (15) .
